Purpose: The purpose of this study was to investigate and characterize the performance of a Multi Leaf Collimator (MLC) designed for Cobalt-60 based MR-guided radiation therapy system in a 0.35 T magnetic field. Methods: The MLC design and unique assembly features in the ViewRay MRIdian system were first reviewed. The RF cage shielding of MLC motor and cables were evaluated using ACR phantoms with real-time imaging and quantified by signal-to-noise ratio. The dosimetric characterizations, including the leaf transmission, leaf penumbra, tongue-and-groove effect, were investigated using radiosensitive films. The output factor of MLC-defined fields was measured with ionization chambers for both symmetric fields from 2.1 9 2.1 cm 2 to 27.3 9 27.3 cm 2 and asymmetric fields from 10.5 9 10.5 cm 2 to 10.5 9 2.0 cm 2 . Multi leaf collimator (MLC) positional accuracy was assessed by delivering either a picket fence (PF) style pattern on radiochromic films with wire-jig phantom or double and triple-rectangular patterns on ArcCheck-MR (Sun Nuclear, Melbourne, FL, USA) with gamma analysis as the pass/fail indicator. Leaf speed tests were performed to assess the capability of full range leaf travel within manufacture's specifications. Multi leaf collimator plan delivery reproducibility was tested by repeatedly delivering both open fields and fields with irregular shaped segments over 1-month period. Results: Comparable SNRs within 4% were observed for MLC moving and stationary plans on vendor-reconstructed images, and the direct k-space reconstructed images showed that the three SNRs are within 1%. The maximum leaf transmission for all three MLCs was less than 0.35% and the average leakage was 0.153 AE 0.006%, 0.151 AE 0.008%, and 0.159 AE 0.015% for head 1, 2, and 3, respectively. Both the leaf edge and leaf end penumbra showed comparable values within 0.05 cm, and the measured values are within 0.1 cm with TPS values. The leaf edge TG effect indicated 10% underdose and the leaf end TG showed a shifted dose distribution with 0.3 cm offset. The leaf positioning test showed a 0.2 cm accuracy in the PF style test, and a gamma passing rate above 96% was observed with a 3%/2 mm criteria when comparing the measured double/triple-rectangular pattern fluence with TPS calculated fluence. The average leaf speed when executing the test plan fell in a range from 1.86 to 1.95 cm/s. The measured and TPS calculated output factors were within 2% for squared fields and within 3% for rectangular fields. The reproducibility test showed the deviation of output factors were well within 2% for square fields and the gamma passing rate within 1.5% for fields with irregular segments. The Monte Carlo predicted output factors were within 2% compared to TPS values. 15 out of the 16 IMRT plans have gamma passing rate more than 98% compared to the TPS fluence with an average passing rate of 99.1 AE 0.6%. Conclusion: The MRIdian MLC has a good RF noise shielding design, low radiation leakage, good positioning accuracy, comparable TG effect, and can be modeled by an independent Monte Carlo calculation platform.
INTRODUCTION
Multi Leaf Collimator (MLC) technology was introduced to radiation therapy more than three decades ago. [1] [2] [3] [4] As a beamshaping device, the adoption of MLC enables advanced radiation delivery techniques such as Intensity Modulated Radiation Therapy (IMRT). Different MLC designs with their corresponding dosimetric properties have been studied and evaluated by many groups. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The evaluation of MLC characteristics usually contains a thorough investigation over a full range of its properties including the leaf transmission, tongue and groove effect, positioning accuracy, leaf speed, leaf penumbra, output factor, reproducibility, etc. Guidelines and AAPM task group reports [15] [16] [17] [18] have been published to assist physicists in understanding the physics features, evaluating the dosimetric characterizations, and implementing quality assurance (QA) programs for an MLC system. Overall, a good MLC system design should have a minimized transmission, high positional accuracy, reduced leaf penumbra, and good reproducibility. Good understanding of the MLC behavior is critical for generation of high quality treatment plans and a safe and accurate radiation delivery. 11, [13] [14] [15] More recently, MR-guided radiation therapy has drawn great interest in radiation oncology community due to the advantage of enhanced soft tissue contrast, real time imaging availability, and no imaging dose concerns. Various MRguided radiotherapy machines have been developed or proposed. [19] [20] [21] The only unit clinically used at this moment is the MRIdian system (ViewRay, Inc., Cleveland, OH, USA). 20 The MRIdian system integrates a 0.35 T whole-body MR imaging system into an RT delivery system consisting of a rotating gantry with three Co-60 heads spaced 120°apart that can provide a maximum combined dose rate of 550 cGy/min at the isocenter. Each shielding head has an identical beamshaping MLC. Currently, only the step-and-shoot delivery mode is available, and the MLC leaves are moving only during beam-hold period. Previous publications [22] [23] [24] have described some major features of this unit and demonstrated the successful clinical implementations. However, to our knowledge, there are no publications, at the time of preparing this paper, which focuses on the characterization of the MRIdian MLC system and its dosimetric impact. Therefore, in this study, following the guidelines on MLC characterizations, [15] [16] [17] we aim to describe the unique features of MRIdian MLC system, evaluate its dosimetric characteristics, and compare the measured results to both the treatment planning system and our in-house developed Monte Carlo system.
METHODS AND MATERIALS

2.A. MRIdian MLC design
One unique feature of MRIdian system is that the MLC is the only beam-shaping device in the beam path when the Co-60 source is at Beam On position. Therefore, the leaf should be thick enough to attenuate the beam so that interleaf transmission satisfies the IEC radiation leakage requirement. 25 Each MLC consists of 60 doubly focused leaves mounted on two opposed leaf banks (30 leaf-pairs). Leafs are made of tungsten with a 9 cm physical height to provide enough attenuation for shielding. The leaf width is 1.05 cm when projected at isocenter plane, which is 105 cm from the source. There is a 0.3 mm tongue and groove (TG) on the leading edge of each leaf and 0.5 mm on the adjacent sides. The maximum open aperture size is 27.3 9 27.3 cm 2 when projected at isocenter. The MLC allows inter-digitation, and each leaf is capable of over-traveling to the full size of 27.3 cm or 13.65 from center axis. The double focus design of leaf end and leaf edge minimizes transmission and reduce geometric penumbra. Each leaf can move independently in a fixed direction orthogonal to axial direction (couch in-out direction) and parallel to the heads' rotation plane. To drive the relatively large and heavy MLC leaf and maintain fine resolution, the motor needed a special design to fit in the compact space. Figure 1 describes the geometry, position, and individual leaf of the MLC in the MRIdian system.
2.B. MLC motor RF shielding evaluation
It has been reported 26 that MLC motors/encoders might introduce radio frequency (RF) noise which interferes with MR imaging and reduces signal-to-noise ratio (SNR). Therefore, RF cages were designed by the manufacture, and the MLC motors and cables were RF-shielded inside the cages. To evaluate the RF cage shielding, three plans were delivered during real time MR imaging with an ACR phantom: (a) leaves in right group moving; (b) leaves in left group moving; and (c) MLC stationary. The MRIdian system is capable of providing real time 2D-planar images with an imaging rate of four frames per second. A total of 170 frames were obtained for each plan and used for analysis.
Two methods were proposed to evaluate the SNR among three plans. The MRIdian console reconstructed images were first used and analyzed. The MR image quality and SNR were assessed and cross-compared among the three plans. The SNR is calculated similar to the "Method 4" in NEMA SNR document. 27 Mean signal, S, were obtained over five ROIs in the phantom images, and the standard deviations, SD, were derived over four ROIs at the corners for noise analysis. The SNR is later calculated as
To avoid any signal filtration used by the vendor-provided fast reconstruction algorithm (GRAPPA), 28 the fully sampled central k-space raw data were also retrieved and used to directly reconstruct images via direct Fourier transform. Since we mainly focused on SNR changes among three plans, these two quick and simple approaches to derive SNR were adopted. The absolute SNR value is not very informative. A more sophisticated way to derive accurate absolute SNR values, which best describes this system is detailed in Ref. [22] .
2.C. Transmission measurement
To assess interleaf transmission, radiographic films were used with 5 cm backscatter and 85 cm SFD. Since the maximum dose for Co-60 beam is at 0.5 cm depth, a 0.5 cm solid water build up is used for measurement as it is the most efficient configuration. 10. (Fig. S1 ). After measurement, all films were processed, scanned (scan resolution 178 lm per pixel) and analyzed with a commercial film dosimetry system (Radiological Imaging Technology, Inc., Denver, Colorado) after obtaining a calibration curve. For each head, the plans were delivered at various angles. The leakage percentage was calculated through the following formula:
Here, the concept of delivery time (RT and CT) is equivalent to the concept of monitor unit (MU) for linac. The measured dose is normalized to unit time for assessment of leakage.
2.D. Leaf penumbra
Dosimetric penumbra is defined as the distance of dose fall off from 80% to 20% of a radiation field. Both the leaf end and leaf side penumbra were assessed. Measurements were performed using radiochromic film (Gafchromic, EBT2, Ashland, Inc., Covington, KY, USA) with a set of field sizes (4.2 9 4.2 cm 2 , 10.5 9 10.5 cm 2 and 21 9 21 cm 2 ) at various depths (dmax, 5 cm and 10 cm). 
2.E. Tongue and groove effect
The tongue and groove (TG) effects for both the leaf end and leaf edge were assessed using radiographic film with 105 cm SFD, 2 cm build up and 2 cm backscatter. Figure 2 shows the pattern used for leaf end TG assessment. Two radiation fields were delivered: The first field was delivered with leaves 1-15 closed and leaves 16-28 forming a 0.2 cm wide slit with a Co-60 source at 90 degrees; and the second field was delivered with the leaves 16-30 closed and leaves 3-15 forming a 0.2 cm wide slit with source at head at 270 degrees. Due to the presence of TG on the leaf end, this test demonstrates that for a very small field size, the two irradiations will be offset from center respect to each other.
For leaf edge TG effect, the MLC patterns are provided in supplementary document (Fig. S2) , which have been used by many groups for this effect. 13 The rectangular patterns were alternatingly formed by leaves and two fields were delivered with source at 0 degrees on the same film. The beam profiles along the dashed line were later analyzed with RIT software.
2.F. Leaf positioning accuracy
Two methods were proposed to test the leaf positioning accuracy: (a) delivery of a PF style pattern measured with a wired jig placed on radiochromic film; (b) delivery of doubleand triple-rectangular patterns measured with ArcCheck-MR. For approach (a), the PF style test was used to directly evaluate the positioning accuracy for each leaf. As shown in Fig. 3(a) , a line-square pattern with 1 cm width was used. Three heads alternatively delivered this pattern with the line-square moving from the left to the right side. The composite pattern is illustrated in Fig. 3(b) . A wired jig, as shown in Fig. 3(c) , was placed on film using the set up as shown in Fig. 3(d) . All fields were delivered with head 1, 2, and 3 at 90 degree. The wire position indicated the center of the line-square pattern. By measuring the dip location created by wires on the film, the MLC positional accuracy could be assessed.
The second approach indirectly assesses the MLC positioning accuracy by performing gamma analysis 29 comparing measured dose distributions with TPS calculated values on fixed patterns. The double-and triple-rectangular patterns used in this test are shown in supplementary material (Fig. S3) . By using these two specific patterns, each leaf is tested. Both patterns were delivered on ArcCheck-MR, then gamma passing rate with 3%/2 mm criteria were derived.
2.G. Leaf speed
Leaf speed tests evaluate the MLC leaf travel ability from fully closed position to fully open positions over the 27.3 cm travel range. For each MLC of the rotating head, two plans were executed to test Bank A and Bank B. The exposure started with all leaves closed at one side and then traveling all the way to the other side. After delivery, machine log files which recorded MLC leaf positions with time were retrieved and analyzed to obtain the average speed for each leaf. In this case, only the average leaf speed is analyzed, more details of leaf motion study for this system is discussed in Ref. [30] .
2.H. Output factor
The output factors were measured with Exradin A18 ionization chamber (Standard Imaging, Middleton, WI, USA) for each head with a set of fields defined by the MLC. Both square and rectangular field output factors were measured with the chamber placed at 5 cm depth and 100 cm SSD. The square fields were measured in water-equivalent plastic phantom with field sizes from 2.1 9 2.1 cm 2 to 27.3 9 27.3 cm 2 . Rectangular fields were measured in a cubic water phantom (30 9 30 9 30 cm 3 ) with a long edge fixed as 10.5 cm and the central ten leaves were closed incrementally from 10.5 to 2 cm.
2.I. MLC plan delivery reproducibility
To test the MLC plan delivery reproducibility overtime, both open fields defined by the MLC for three heads and nine MLC plans with segments were delivered and repeated on five different days over 1-month period. The aim of this series of measurement is to test the overall MLC plan delivery reproducibility and consistence of the three MLCs in the 
2.J. Feasibility of Monte Carlo modeling
Besides the measurement-based characterization, the MLC system can be modeled through Monte Carlo calculations. To independently verify the dose calculation, a GPUaccelerated Monte Carlo dose calculation platform based on PENELOPE was developed. 31 PENELOPE is a well-known and well-validated Monte Carlo radiation transport simulation package. In our previous work, 31 we developed a GPU- and rectangular fields from 10.5 9 10.5 cm 2 to 10.5 cm9 2.0 cm 2 were computed. Sixteen treatment plans with MLC segments were examined to check the agreement between vendor-provided TPS data and the independent dose check. Computation of percent difference of output factors for open field and three-dimensional gamma analysis results (2%/ 2 mm DTA and 10% threshold criteria) were performed.
RESULTS
3.A. MLC motor RF shielding evaluation
The console-reconstructed images were obtained and analyzed first. The average SNR over the real-time imaging frames are shown for the three plans in Fig. 4 and the values were within 4%. The SNR change vs image frames (time) are also shown for three plans. The direct Fourier transform on k-space data showed similar findings. The average SNR is within 1% for three plans (left leaves moving SNR = 317.1; right leaves moving SNR = 318.1; and leaves stationary SNR = 313.1). These results indicated that the SNRs are comparable when the MLC is moving or remains stationary, which implies satisfactory RF cage shielding for the motor and cable system.
3.B. Transimission
For each head, with four patterns as mentioned above, the maximum leakage was first measured over a 1 9 1 cm 2 area and the percentage was calculated with reference to a standard open field. The average leakage over the 27.3 9 27.3 cm 2 was also assessed. Figure 5 demonstrates the analysis performed for the case of leaf inter-digitation for head 2 at 90 degree. A sample analysis result for head 1 at 0 degree is shown in Table I .
At various angles, the maximum leakage for heads 1, 2 and 3 is 0.325%, 0.335% and 0.312%, respectively. The average leakage for heads 1, 2 and 3 is 0.153 AE 0.006%, 0.151 AE 0.008%, and 0.159 AE 0.015%, respectively.
3.C. Leaf Penumbra
Sample mean penumbra of leaf end and leaf side for head 1 at 0 degrees is shown in Table II . As field size and depth increases, penumbra increases as well. Leaf side and end penumbra showed comparable values (within 0.05 cm), and all measured penumbra were within 0.1 cm of TPS calculated values. Similar results were observed for the other two heads.
3.D. Tongue and groove
As shown in Fig. 6 , the leaf edge TG effect indicates an up to 10% dose reduction when the two alterative rectangular shape leaf patterns were delivered. Figure 7 demonstrates the TG effect for the leaf end. A shifted dose distribution was observed in both TPS calculated and measured dose distributions. The deviation between two slits center was measured to be 6 mm. There are two reasons for this deviation. First, the MLC leaf is calibrated to the leading (thicker) edge. When the MLCs rotate to 180 degree, there is a 0.3 mm offset (0.77 mm at 105 cm isocenter plane) produced by this calibration convention. Second, the beam penumbra combined with the leaf end TG edge contributes to the rest of the deviations.
3.E. Leaf positioning accuracy
The seven-leg PF style patterns were measured on a radiographic film and shown in Fig. 8 . Positions of the dips were created by wires imbedded in the plastic jig 4 cm apart from each other. The beam profile analysis can easily identify whether or not the dips are in the center of the 1-cm wide exposure and the peaks are 4 cm apart. A full analysis for each leaf indicated that the leaf positioning accuracy was within 0.2 cm for all three MLCs.
The gamma analysis on double/triple-rectangular MLC patterns showed a 96% gamma passing rate with 3%/2 mm criteria when comparing the TPS calculated fluence to the ArcCheck-MR measured fluence. A sample fluence pattern measured is provided in supplementary material (Fig. S4) .
3.F. Leaf speed
As mentioned before, the average speed for each leaf was obtained by analyzing system log files. The leaf speed in this test falls in a range from 1.86 to 1.95 cm/s. It should be noticed that the average speed was not the same when executing the test plan by manufacture design. Leaves with smaller label number (toward patient's head along longitudinal direction) moved faster than those with larger label numbers (toward patient's feet along longitudinal direction). Similar tests were performed for the other two heads, and the average speed were 1.905 AE 0.021 cm/ s, 1.906 AE 0.021 cm/and 1.907 AE 0.019 cm/s for head 1, 2, and 3 accordingly.
3.G. Output factor
The results of output factors for square fields are shown in Fig. 9(a) . As field size increases, the output factors also The results for rectangular fields are shown in Fig. 9 (b). The length of long edge was fixed at 10.5 cm with the other edge decreased from 10.5 cm to 2 cm. The differences between measured and TPS calculated values for these fields were within 3%.
3.H. MLC plan delivery reproducibility
The results of output factors measured on five independent days over a month period are shown in Fig. 10 . The percent difference was calculated based on the TPS values. All measurements were well within 2% and the same results were well reproduced for these five measurements on these open fields.
The gamma passing rate of nine plans using MLC are shown in Table III . The passing rate was all more than 97% and the standard deviation from day to day was well within 1.5%.
3.I. Monte Carlo modeling
The results of PENELOPE-calculated output factors are shown in Figs. 9(a) and 9(b) . The independent dose calculation engine showed a 2% accuracy compared to TPS calculated values for square fields and within 1.5% for rectangular fields tested. The 3D gamma passing rate for 16 clinical plans calculated with PENELOPE and compared to TPS are shown in Table IV . 15 of 16 plans showed a more than 98% gamma passing rate. The average passing rates were as high as 99.1 AE 0.6%.
DISCUSSION
The successful design and implementation of the ViewRay MRIdian system enabled real time MR-guided radiotherapy. 32 The use of MLCs in a magnetic field with tri-Co-60 heads presents unique geometric and dosimetric features, and also brought some challenges for physics testing. Since both the motors and encoders are present in the magnetic field, if not shielded, the produced RF noise would interfere with the MR imaging process and degrade image quality. Ideally, a full RF shielding evaluation should be assessed using the more sensitive MRI spectrometer for the scenario with and without RF cages. However, in the clinical setting, it is not possible to take out the RF cage and it requires extra resources/effort to use MRI spectrometers. Therefore, the more convenient and easier to implement SNR tests were adopted. Since the main purpose for this test is to evaluate the RF shielding by comparison of SNR change among three plans, the absolute SNR value derived from this test is not very informative. A comprehensive version of SNR testing on MRIdian system have been proposed and described in Ref. [22] .
The maximum transmission measured for all three MLCs was less than 0.35% with an average transmission less than 0.16%. These values are much less than the IEC standards (1% on maximum leakage and 0.375% on average transmission) and measured with 6 MV for other commercial MLC system, for example, maximum 0.63% for Siemens 160 MLC 12 (Siemens AG, Erlangen, Germany) and a maximum The measured penumbra is relatively larger than the penumbra of linac system, [12] [13] [14] and this is mainly due to the larger penumbra inherent in the Co-60 sources, whose diameter is 2 cm for MRIdian system. 33 The double-focused design of MLC system actually helps to sharpen the field edge and provide comparable penumbra for conventional accelerators. 34 Also, since the system is used almost 100% for IMRT, when using small segments, this problem is not apparent, except in cranio-caudal direction.
The measured 10% TG effect of leaf edge is less than compared to 19% for the Siemens 160MLC, 12 25% for Agility MLC 13 and 16.5% Varian SMLC. 11 A direct comparison is difficult due to different energy and field size used. For the leaf edge, the offset dose distribution is invisible when the slit size increases to 0.6 cm and above. This test was done only to illustrate the effect, and to explain why the minimum field size is constrained on TPS to 1 cm so as to avoid uncertainty in output factor and positional accuracy.
Due to the relatively large penumbra discussed before, the conventional PF test is not possible. Therefore, a PF-style test was designed and applied to test the positional accuracy of MLC on MRIdian system. Through the PF style test, a 0.2 cm leaf positioning accuracy could be easily achieved as recommended by the manufactures. This test is currently used as the monthly test in our clinic, and could be adopted as annual QA or post MLC calibration test. Due to the convenient setup and straightforward operation, the MLC double-and triple-rectangular pattern tests were adopted as a consistency check and delivered more frequently(weekly) in our clinic. The sensitivity of the ArcCheck-MR based gamma analysis approach for ViewRay plans has been discussed separately. 35 The use of output as one indicator for the MLC plan delivery reproducibility test is a first order measurement which is straightforward and easy to implement when evaluating a completely new system. It worth mentioning that the output factor measurements are not very sensitive to collimator (MLC) positioning, unless the field size is small. Therefore, the picket fence style test or the double-and triple-rectangular pattern test still remain the primary test for MLC positioning evaluation and repeatability test. For MLC plan delivery reproducibility, another more direct test is to perform the gamma comparisons between several measurements of the same plan.
Finally, the in-house developed PENOLOPE system could be used as a secondary dose check with appropriate MLC and head modeling. A more detailed description of this platform has been published in Ref. [31] . In this paper, we mainly presented MLC-related calculation results and compared to re-confirm the measured results and calculated values from TPS. Due to the complex dose deposition in a magnetic field, we believe that a hybrid approach using both physical measurement and Monte Carlo simulation is more appropriate and beneficial when characterize the dosimetric impact of MLC on a MR-guided radiotherapy machine.
CONCLUSIONS
We evaluated the performance of a unique MLC system on a novel MR-guided radiation therapy unit. The MRIdian MLC has a good RF noise shielding design, low radiation leakage, good positioning accuracy, comparable TG effect, and can be modeled through an independent Monte Carlo calculation platform. 
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